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Abstract
Molecular imaging serves as an important tool for researchers and clinicians to visualize
and investigate complex biochemical phenomena using specialized instruments; these
instruments are either used individually or in combination with targeted imaging agents
to  obtain  images  related  to  specific  diseases  with  high  sensitivity,  specificity,  and
signal-to-noise  ratios.  However,  molecular  imaging,  which  is  a  multidisciplinary
research field, faces several challenges, including the integration of imaging informatics
with bioinformatics and medical informatics, requirement of reliable and robust image
analysis algorithms, effective quality control of imaging facilities, and those related to
individualized  disease  mapping,  data  sharing,  software  architecture,  and  knowledge
management. 
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As a cost-effective  and open-source approach to  address  these challenges  related  to
molecular imaging, we develop a flexible, transparent, and secure infrastructure, named
MIRA, which stands for Molecular Imaging Repository and Analysis, primarily using
the Python programming language, and a MySQL relational database system deployed
on a Linux server. MIRA is designed with a centralized image archiving infrastructure
and information database so that a multicenter collaborative informatics platform can be
built. 
The capability of dealing with metadata, image file format normalization, and storing
and  viewing  different  types  of  documents  and  multimedia  files  make  MIRA
considerably flexible. With features like logging, auditing, commenting,  sharing, and
searching,  MIRA  is  useful  as  an  Electronic  Laboratory  Notebook  for  effective
knowledge management. In addition, the centralized approach for MIRA facilitates on-
the-fly access to all its features remotely through any web browser. Furthermore, the
open-source approach provides the opportunity for sustainable continued development. 
MIRA offers  an infrastructure  that  can  be used as  cross-boundary  collaborative  MI
research platform for the rapid achievement in cancer diagnosis and therapeutics.
Keywords: Molecular Imaging, Open Source, Image Analysis, Electronic Laboratory
Notebook (ELN), Knowledge Management, 
 
1. Introduction:  
Molecular  imaging  (MI)  is  defined  as  the  visualization,  characterization,  and
measurement of biological processes at the molecular and cellular levels in humans and
other living systems [1]. MI has been considerably useful in the fields of diagnostics,
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therapy monitoring, drug discovery, and drug development, and is a promising tool for
understanding nanoscale reactions such as protein-protein interactions  and enzymatic
conversion  [2].  To  visualize  and  investigate  complex  biological  phenomena  at  the
molecular  and  cellular  levels,  MI  researchers  and  clinicians  require  specialized
instruments and techniques, which are used either individually or in combination with
targeted  imaging  agents.  These  specialized  techniques  are  mainly  various  imaging
modalities,  such  as  Positron  Emission  Tomography  (PET),  Single  Photon  Emission
Tomography (SPECT), Magnetic Resonance Imaging (MRI), Computed Tomography
(CT),  PET-CT,  SPECT-CT,  PET-MRI,  Ultrasonography  (USG),  and  Near  Infrared
Spectroscopy  (NIRS)  (Figure-1);  these  techniques  are  used  to  detect  biomarkers  or
capture  biochemical  and cellular  processes  related  to  diseases  with  high  sensitivity,
specificity, and signal-to-noise ratios [3]. 
Figure 1: (a) New drug development process. It is a considerably long process (10–15
years); however, this process can be accelerated using MI techniques at every stage of
drug development. (b) Overall process of new probe development in MI research.
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Though  this  translational  research  field  is  very  promising  [1-9],  it  is  also  very
challenging [3-5] mainly because of its interdisciplinary nature [2]. To obtain promising
results  from  MI  research  while  addressing  the  interdisciplinary  challenges,  a
collaborative,  transparent,  and flexible  framework is  required,  which  can  bridge the
knowledge  gaps  among  researchers  from  different  disciplines  by  combining  their
expertise and skills. In addition, there exist several challenges in imaging informatics,
such as integration of imaging informatics with bioinformatics and medical informatics,
requirement of reliable and robust image analysis algorithms, quality control of imaging
facilities,  and  those  related  to  individualized  disease  mapping,  data  sharing,  and
appropriate software architecture [10]. To address these challenges, an image storage
and  information  database  is  required  to  link  various  stages  of  research  in  order  to
achieve the desired goal. Such a framework should include reusable modules, should be
scalable  and sustainable for continued development,  and be interoperable with other
software  systems.  Therefore,  open-architecture  and  open-source  image  information
systems are an ideal solution for these requirements [10]. 
Although  there  exist  several  open-source  medical  image  informatics  tools,  such  as
XNAT [11], LORIS [12], LONI [13]; and clinical trials management system (CTMS)
[14] for clinical research and application, none of these is a one-size-fits-all approach
solution for MI research.  In this study, we develop a one-size-fits-all approach solution
for MI research, which is an open-source collaborative, flexible, transparent, and secure
online MI repository and analysis infrastructure named MIRA, to bridge the knowledge
gaps among researchers  by combining interdisciplinary  or  multidisciplinary  research
outcomes  of  MI  research.  MIRA  is  designed  with  a  centralized  image  archiving
infrastructure and information database so that a multicenter collaborative informatics
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platform  can  be  built.  Because  this  infrastructure  should  meet  the  demands  of
multidisciplinary MI research, the system must be quite flexible;  therefore, it  should
have flexibility and efficiency in data entry, image file format normalization services to
convert between various image formats, ensuring that different types of documents and
multimedia  files  can  be  stored  and viewed.  In addition,  it  is  important  to  integrate
imaging informatics tools with other bioinformatics and medical informatics tools to
provide  a  comprehensive  approach  to  associate  imaging  data  with  other  scales  of
molecular and clinical data types, called metadata [10]. Finally, to address challenges of
transparency,  accountability,  and  knowledge  management  [15],  MIRA  is  designed
based on the concept of an electronic laboratory notebook (ELN) [16-18].
2. Materials and Methods:
To ensure that our infrastructure is cost-effective and open-source, MIRA is designed
with freely available software without compromising security; moreover, a Linux based
server and computer system are used. In addition, most program codes are written in the
Python [19] programming language with the Pylons [20] web framework. In particular,
PyBLD [21] is utilized for data analysis and image manipulation. In some of the cases,
for fast computation, like for molecular image conversion and analysis, program codes
are written in the C programming language. Furthermore, JavaScript is used for some
interactive convenience. A MySQL [22] database engine is used for data storage and
manipulation. Thus, no proprietary software was used in the development of MIRA.
2.1 Technical Overview:
5
The basic architecture of MIRA is the widely used three-tier design [23] that includes a
RDB backend, a Python middleware, and a web-based user interface (Figure-2). 
Figure 2: Three-tier architecture of MIRA
2.2 Design of MIRA: 
The conventional Hospital Information System (HIS), Radiology Information System
(RIS),  and  Picture  Archiving  and  Communication  System  (PACS)  have  a  long
developmental history starting in the 1960s [24]; in modern times, these systems have
become ubiquitous in a hospital; however, these systems do not fulfil the requirements
of MI research because of the conceptual differences in organizing data between daily
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hospital routines and in the case of MI studies (Table-1). In addition, the commercial
HIS/RIS/PACS are prohibitively expensive for researchers. 
Table-1: Comparison between medical study and MI study.
Medical Study MI Study
Start Point Patient Project 
Examination Single subject (usually 
human)
Multiple subjects of different types 
(human, animals, phantoms, etc.) 
Image File Format Primarily in the Digital 
Imaging and 
Communications in 
Medicine (DICOM) 
format
No restrictions on image formats 
In general,  MI research is project-based, where multidisciplinary or interdisciplinary
researchers collaborate and design the project, including the experiments, subsequently
conduct the imaging and finally analyze the images. Therefore, MIRA is designed as a
project  oriented  system.  MIRA project  can  be  a  small  personal  project  like  a  PhD
project or a big multidisciplinary project for instant, multicenter quality control of PET
scanners. It does not act as project workflow management system but it helps to handle
a MI research project effectively as a centralized system; this process is depicted in
Figure-3. 
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Figure 3: Comparison of the general  workflow of MI research with and without MIRA
As the project progresses, sharing of experimental, imaging, and analytical outcomes
among research group members is required; at this stage, our MIRA infrastructure is
effective  for  the  management  and  exchange  of  project  data.  Otherwise,  the  only
alternative  for  the  research  group  members  is  to  conduct  meetings  to  share  their
progress; however, such meetings are marred by inconsistent and mixed data, because
of decentralized data management,  hampering project  progress and consequently,  its
success.  Nevertheless,  group  meetings  still  remain  an  essential  part  of  a  project;
however, frequent meetings are difficult to organize in the case of any multidisciplinary
or interdisciplinary project like an MI research project. Thus, MIRA not only helps to
reduce the number of meetings needed, but also assists in facilitating a well-organized
meeting. 
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Once a research project is registered onto MIRA, users who are involved in this project
can  access  all  experiments  under  it.  For  each experiment,  experimental  records  and
image data from different imaging modalities are stored and shared among researchers
who have participated in these experiments or in the project. Any information regarding
the experiments such as experimental protocol, subject conditions, and notifications, can
be collaboratively stored as an entry in the ELN [16]. 
The control flow of MIRA is described below, and is also depicted in Figure-4:
Users: The administrator of the system is responsible for creating users and groups of 
users using the administrator’s control panel. The administrator can also perform 
various other functions, which are described later in the Outcomes section. 
Projects: An authenticated user can add a project and can assign any user to that 
project. In addition, the project can be assigned to a group of users as well. Users 
assigned to a project can access and make changes to all the features of the project, for 
example, experiments, scans (runs), and comments of the project. 
Experiments: Experiments can be created under a project by an authenticated user 
assigned to that project and any user in that project can be assigned to a particular 
experiment. 
Runs: Runs can be created under an experiment by the users of that experiment; these 
runs are primarily used to store and analyze scans using different imaging modalities. 
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Subjects: Subjects are usually created under an experiment; however, subjects can also 
be created under a project and can be assigned to any of the experiments under that 
project. In addition, a user can assign a subject to other projects the user has access to. 
Sites: Sites, which are created by an administrator, are related to the experiments and 
subjects. A user can assign a site for an experiment and for a subject from the available 
list of sites. 
Figure-5 shows the interrelations between the projects, sites, subjects, experiments, and
runs in MIRA. 
Figure 4: Basic control flow of the MIRA system
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Figure 5: Internal structure of MIRA
3. Outcomes: 
MIRA is based on a web server, thus enabling users to remotely access their data and
records using a web browser through internet or intranet.  The users can access data
stored in MIRA in an appropriate manner, which is automatically determined by MIRA
based on the  data  format.  For  instance,  a  user  can  obtain  the Time Activity  Curve
(TAC) to obtain an overall perspective about a molecular image. In addition, a user can
view an image, play a movie, or listen to a sound in any arbitrary format. After logging
in, a user instantly gets updates on the experiments he or she is involved in on their
homepage, referred to as the Top page (Figure-6). The other outcomes are described in
detail in the following subsections.
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Figure 6: User Homepage, called Top Page; Displayed after user login and shows the
list of experiments user is involved in
3.1 Archiving: The users of MIRA can store all experimental information and image
data acquired using several image modalities. Unlike the imaging modalities installed in
a hospital, not all image modalities for MI have the capability to communicate using the
DICOM standards; therefore, MIRA includes the capability to store image data in any
arbitrary  format  including  DICOM,  Analyze,  Nifti,  and  Minc,  among  others.
Furthermore, MIRA has the capability to convert image data in different formats to the
DICOM format and export it to a PACS server. Stored images can also be converted to
web  browser  compatible  formats  (for  example,  JPG,  GIF,  TIFF,  etc.)  for  easy
representation.  Moreover,  different  types  of  data  including  text,  audio,  image,  and
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video, can be stored and viewed within the MIRA system under the relevant projects,
subjects,  experiments,  and  runs.  Lastly,  the  inclusion  of  batch  uploading  and
downloading of files makes MIRA more user-friendly and efficient. 
3.2 Image Analysis:
Figure 7: TAC of the 4D (X,Y,Z,T: 128, 128, 79, 36) H2O[15] PET image of kidney.
Images  can  be  viewed  in  different  color  scales,  such  as  grayscale,  hot  metal,  and
rainbow, among others. In addition, the images can be rotated, flipped, and zoomed in
various  orders.  Further,  the  TAC  can  be  generated  for  specific  regions  on  the
represented image; an example is shown in Figure-7. No image data compression is
performed  in  MIRA.  Therefore,  image  quality  does  not  change  after  uploading  to
MIRA. However, for display purpose, we show compressed version of image as jpeg
format. For image analysis within MIRA, raw image data is directly utilized by widely
used pipelining techniques [11-13, 25]. Thus MIRA ensure the efficiency and quality of
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image  analysis.  These  analyses  can  be  conducted  on-the-fly  (online)  using  a  web
browser.
3.3  Radiation Information System: For  MI  research  or  clinical  management,  it  is
important  to  track  a  subject's  complete  workflow, especially  to  record  the  radiation
information related to the subject. To store the radiation information of a subject, MIRA
includes a subject tracking facility for the entire workflow. For example, an animal can
be used in various experiments, which use a radioisotope, and may need to be disposed
or released in the environment after the experiment. Thus, before disposing or releasing
the animal, it is important to know the amount of radioactivity left inside the animal,
and MIRA can be used to effectively  handle such issues by using the tracking and
tagging facilities. 
3.4  Calendar,  User  Roles,  and  Notifications: Other  than  assigning  users  to  an
experiment, the creator of an experiment can select the role for a user in the experiment.
The administrator of MIRA predefines the user roles (for example, Supervisor, Nursing,
Animal Preparation, etc.). Once assigned, MIRA automatically sends a notification to
the  assigned  user  about  the  assigned  role  and  the  experiment  schedule.  Using  the
calendar feature of MIRA, a user can view all the experiments of their facility in the
day, week, month, and year format, but can only access the details of the experiments he
or she is assigned to. Furthermore, this calendar can be synchronized with the user’s
Google calendar, allowing the users to easily manage their schedule. 
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3.5  Access  Control: Access  control  in  MIRA  has  been  designed  considering  the
requirements of transparency and security. Using the user-friendly dashboard or control
panel, the administrator of MIRA can not only create users, but also add and maintain
cameras,  sites,  and  groups,  etc.  for  MIRA.  In  addition,  there  can  be  multiple
administrators for a single implementation of MIRA. An administrator has no control
over a project unless he or she is assigned as a member of the project by the project
owner.  Because  a  project  user  can  access  all  the  elements  of  a  project,  such  as
experiments, subjects, runs, and comments, among others, of the project and can see
other users’ activities within the project, the project activities are transparent among the
users of that particular project.
3.6 Search and Advanced Search: Because the volume of project data continuously
increases with the passage of time, searching is an important feature for MI research.
Therefore, MIRA includes search features. First, MIRA has a general search feature,
available for every page in the upper right corner (Figure-6), using which a user can
search for any word or words within the accessible area of the database. Second, on
every user’s home page, the user can search specific projects, experiments, or subjects
using  the  using  their  corresponding  ID  (Figure-6).  Finally,  an  advanced  search  is
included, which can be accessed by clicking the search menu item (Figure-6); it helps
the user find particular items within their projects, experiments, subjects, runs, and files.
3.7 ELN: The MIRA system not only stores data, but also maintains logs for every step
of a project. Using this facility, users of a project can add and edit their comments on
the projects, experiments, runs, and subjects under the projects. The comment feature is
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important  for  effective  collaboration  among  researchers  or  clinicians  in  order  to
improve the quality of research. Further, the log system is a useful auditing feature,
which  keeps  records  of  user  activities  including  when  a  user  made  or  edited  their
comment,  when  a  user  uploaded  or  deleted  a  file,  and  so  on.  These  logs  play  an
important role considering intellectual property rights and regulations. The log system
along  with  the  searching  feature  and  secure  access  control  have  made  MIRA  an
effective ELN. 
3.8  Other Features: MIRA is  designed to  be  used  globally.  Therefore,  it  uses  the
Unicode encoding  standard  so  that  the  users  of  MIRA  can  store  data  in  multiple
languages.  Furthermore,  MIRA  is  facilitated  with  an  Application  Programming
Interface (API) for data retrieval and data uploading. Thus, developers can also connect
MIRA through APIs and build custom functions based on their needs.
4. Discussion: 
Identification of tumor-specific markers and the application of these markers is one of
the  applications  of  molecular  imaging  research,  because  MI  techniques  provide  a
functional and dynamic perspective for cancer therapeutics, from the nanoscale to the
entire body. However, current imaging probes cannot localize (micro) metastatic foci
and/or residual disease up to a satisfactory level at the whole-body scale. It is therefore
essential  to  relate  and combine  our  knowledge  of  mechanisms  for  the  processes  of
metastasis,  tumor dormancy,  and routine clinical  practice  to treat  cancer  effectively.
Multidisciplinary  or  interdisciplinary  MI  approach  could  be  used  for  bridging  such
informational  gaps.  However,  as  previously  mentioned,  the  multidisciplinary  or
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interdisciplinary approach have challenges in terms of collaboration, trust, validation,
and  verification.  A  flexible,  informative,  interactive,  transparent,  and  secure
infrastructure is required where researchers from various backgrounds can confidently
share their knowledge and expertise. Though existing solution like REDCap [14, 26]
can effectively handle high standard clinical trials management, translational research
field like MI research require more flexible electronic data capture (EDC) system [14].
Considering this, MIRA offers such an infrastructure for MI researchers where they can
store whatever data they want. MIRA is not an alternative choice of existing CTMS or
image informatics tools, but it can be used along with such systems as a flexible choice
of EDC along with online image analysis facility which can fulfil the demands of MI
research laboratories. 
Though  MIRA  has  some  architectural  similarities  with  open-source  medical  image
informatics tools [11-13] (Figure-2), it  is still  considerably different from them. The
primary  difference  is  that  MIRA is  project-oriented,  unlike  the  other  tools  that  are
primarily  subject-  oriented;  because  of  this,  MIRA provides  more  flexibility  that  is
required  by  multidisciplinary  or  interdisciplinary  research  fields  like  MI  research.
Further, other mentioned tools are originally designed for human subjects, some even
for particular  regions of interest,  for example,  brain imaging;  however,  MI research
involves a variety of subjects, for example, human, animal, phantoms, etc. Therefore,
MIRA has the flexibility  to add any kind of subject  with their  associated attributes.
Furthermore,  various  MI  modalities,  (for  example,  PET,  SPECT,  CT,  MRI,
Bioluminescence, Fluorescence, Raman, IVM, Ultrasound, etc.) produce different kinds
of static and dynamic images, and thus, MIRA can deal with various kinds of images
formats (for example, Analyze, DICOM, Nifty, Minc, TIFF, Shimazu, etc.) produced by
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such  modalities.  In  addition,  any  kind  to  image  including  images  generated  form
immunohistochemistry  (IHC)  slides  can  be  stored  and viewed in  MIRA.  Moreover,
MIRA can store and handle different kinds of files, including text,  audio, and video
files.  Therefore,  MIRA is  flexible  enough to store and view a large  number of file
formats  that  may  be  associated  with  a  project,  experiment,  scan,  and  subject.
Furthermore,  MIRA  have  the  facility  to  bulk  import  of  data  as  zip  upload  which
automatically extract data into MIRA. This feature is very efficient for importing image
files from any image archiving system. Thus MIRA can be interoperable with existing
CTMS or image informatics tools.
Multicenter  quality  control  of  various  equipment  used  in  the  MI  field  has  become
essential not only for clinical purposes, but also for regulatory requirements [27-29].
MIRA provides the infrastructure to manage and analyze quality control data that can be
shared among the different facilities. Through such collaboration, MIRA can be used to
build  a  centralized  quality  control  data  bank  that  could  play  a  vital  role  for  better
clinical and regulatory management as well as for the advancement of MI research. In
this manner, a standard practice guideline for quality control of MI could be established
ensuring quality service as well as quality research. 
MI  involves  human  subjects  at  various  stages  of  research  and  clinical  application;
therefore,  the proper management or abstraction of personal information is a critical
issue  [30-32].  Therefore,  anonymization  is  essential  in  the  cases  where  personal
information is associated with a dataset; however, it is considerably difficult to build a
unique  or  generic  anonymization  tool  because  regulations  regarding  privacy  or
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protection of personal information vary depending on the nation [31].  Considering this,
we have developed a separate module for anonymization within MIRA; however, it is
currently  applicable  only  for  DICOM  datasets  because  DICOM  datasets  primarily
integrate subject's personal information more specifically compared with other image
datasets. In MIRA, users usually upload medical image files within experimental runs.
Using the anonymizing feature users can remove personal information from uploaded
DICOM image datasets.  MIRA has been originally developed for animal studies and
there  are  still  some features  which  has  not  been  implemented  for  clinical  study  in
MIRA. For instance, de-definition of Protected Health Information (PHI) level setting
which is important for effective handling of subject dataset for multicenter data sharing
[33-34], especially in the case of collaborative clinical research. We are considering to
build a customizable de-definition of PHI level setup module for MIRA in near future.
The importance of a laboratory notebook is well-established among the researchers. In
modern times, researchers use ELNs rather than paper-based laboratory notebooks; this
is  because,  aside  from  the  everyday  use  of  an  ELN  for  documenting  research,
experiments, and procedures performed in the laboratory,  it  is often maintained as a
legal document and may be used in a court of law as evidence for cases like patent
prosecution and intellectual property litigation. Furthermore, as previously mentioned,
knowledge management is crucial for a multidisciplinary or interdisciplinary research
organization  because  knowledge  drain  might  occur  without  appropriate  knowledge
management. MIRA as ELN not only helps researchers organize their research, but also
helps an organization in effective knowledge management. 
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The choice of programming language in terms of ease of learning, flexibility, security,
availability  of  free  libraries,  and  availability  of  a  reliable  user  community  is  an
important issue in the development of an open-source web application. Considering the
above mentioned selection criteria,  there are several popular programming languages
for web application development that satisfy these requirements,  namely, Java,  PHP,
Ruby,  Perl,  and  Python.  However,  Python  is  being  increasingly  used  as  scientific
programming  language  because  of  a  considerable  number of  freely  available,  open-
source scientific libraries, including, but not limited to, SciPy for scientific computation,
NupPy  for  efficient  array  manipulation,  matplotlib  for  extensive  plotting  routines,
scikit-image and PyBLD for advanced image processing [21], scikit-learn for state-of-
the-art machine learning, and PyMC for Bayesian modeling [4]. Furthermore, fast and
free  access  to  some  of  the  most  advanced  image  segmentation  and  registration
algorithms are available through Python builds of a toolkit, Insight Segmentation and
Registration Toolkit (ITK) [4]. Therefore, we have selected Python for the development
of MIRA using many of the abovementioned libraries. 
5. Future Direction: 
The motivation behind the development of MIRA is not only to address the demands of
the MI research field, but also to fulfil the requirements of other multidisciplinary or
interdisciplinary  research  fields.  The  open-source  approach  is  selected  so  that
developers and researchers can design and develop systems based on MIRA for their
area of research. Because MIRA focuses on the MI research field where images are the
leading part of research, image analysis facilities, such as dynamic view of entire scans;
image views from all directions; masking, cropping, and clearing of the image dataset;
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smoothing  of  images  for  lesion  detection  and  radiological  assessment;  fusion  by
blending  and  overlay;  and  statistical  analysis  will  make  MIRA  more  attractive  to
researchers as well as to clinicians. Further, we are considering building an individual
flexible anonymization feature so that anonymization could be customized based on the
regulations of different nations.
6. Conclusion: 
The ELN features along with image informatics tools and well-organized scientific data
management facilities make MIRA an excellent tool not only for multidisciplinary or
interdisciplinary MI research, but also for quality control of MI equipment. In addition,
the centralized approach and web-based access features allow it to be used as a national
or  international  multicenter  for  collaborative  research,  which  could  result  in  rapid
achievement  of scientific  outcomes as well  as better  patient  care.  Finally,  the open-
source approach along with the power of the Python programming language allows for
continued sustainable development of MIRA to not only make it more attractive to MI
researchers,  but  also  as  a  motivation  for  development  of  systems suitable  for  other
multidisciplinary research fields. 
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